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Abstract

The oncogenic transcription factor FOXM1 has been previously shown to play a critical role in 

carcinogenesis by inducing cellular proliferation in multiple cancer types. A small molecule 

compound, RCM-1, has been recently identified from high throughput screen as an inhibitor of 

FOXM1 in vitro and in mouse model of allergen-mediated lung inflammation. In the present study, 

we examined anti-tumor activities of RCM-1 using tumor models. Treatment with RCM-1 

inhibited tumor cell proliferation as evidenced by increased cell cycle duration. Confocal imaging 

of RCM-1-treated tumor cells indicated that delay in cellular proliferation was concordant with 

inhibition of FOXM1 nuclear localization in these cells. RCM-1 reduced the formation and growth 

of tumor cell colonies in the colony formation assay. In animal models, RCM-1 treatment inhibited 

growth of mouse rhabdomyosarcoma Rd76–9, melanoma B16-F10 and human H2122 lung 

adenocarcinoma. RCM-1 decreased FOXM1 protein in the tumors, reduced tumor cell 

proliferation and increased tumor cell apoptosis. RCM-1 decreased protein levels and nuclear 

localization of β-catenin, and inhibited protein-protein interaction between β-catenin and FOXM1 

in cultured tumor cells and in vivo. Altogether, our study provides important evidence of anti-

tumor potential of the small molecule compound RCM-1, suggesting that RCM-1 can be a 

promising candidate for anti-cancer therapy.
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Introduction

Robert Costa Memorial drug-1 (RCM-1) is a small molecule compound that has been 

recently identified by high throughput screening as a potent inhibitor of FOXM1 

transcription factor (1). The RCM-1 compound inhibited the nuclear localization of FOXM1 

protein, increased its ubiquitination and caused degradation of FOXM1 in proteasomes (1). 

While in mouse asthma models RCM-1 effectively inhibited FOXM1 without altering 

expression of other transcription factors or causing toxicity, the efficacy of the RCM-1 

compound in cancer models remains unknown. FOXM1, a member of the Winged Helix or 

Forkhead Box (Fox) family of transcription factors, has been implicated in activation of 

cellular proliferation in multiple cell types, making it a promising target for anticancer 

therapy (2–6). Unlike other FOX proteins, FOXM1 is expressed in highly proliferative cells 

but is inhibited during cellular differentiation. FOXM1 is increased in various progenitors 

and in regenerating adult tissues (7–9). FOXM1 is overexpressed in a variety of human 

tumors and is used as biomarker for multiple types of cancer (4,10). We have previously 

demonstrated that FOXM1 overexpression increases lung tumor growth in transgenic mice, 

while lung epithelial-specific deletion of FOXM1 inhibits pulmonary tumorigenesis (11–14). 

FOXM1 has been reported to regulate progression of carcinogenesis and its increased 

expression is correlated with poor prognoses in patients with prostate cancer (15–17), lung 

cancers (5), glioblastoma (18), rhabdomyosarcoma (19), melanoma (20), colorectal cancer, 

breast cancer (9), liver cancer (21), pancreatic cancer and gastric cancers (22,23). FOXM1 

was also implicated in chemo- and radio-resistance in various cancer types (22,24–26).

In addition to its prognostic significance, the exclusive expression of FOXM1 in the cancer 

tissue makes it an excellent cancer drug target (6). Inhibition of FOXM1 transcriptional 

activity led to significant inhibition of carcinogenesis and rendered the tumors responsive to 

standard chemotherapeutic drugs and radio-therapy (13,16,27,28). Pharmacological 

treatment with antibiotics and proteasome inhibitors, such as bortezomib, sialomycin, 

thiostrepton, MG115 and MG132, decreased FOXM1 expression in cancer cell lines and in 
vivo (27,29). However, while proteasomal inhibitors efficiently inhibit FOXM1, they affect 

multiple signaling pathways and cannot be viewed as specific inhibitors of FOXM1. 

Development of specific pharmacological inhibitors of FOXM1 represents a considerable 

clinical value. However, pharmacological targeting of transcription factors has been difficult 

due to the lack of enzymatic activity (30). This issue accounts for the lack of advanced 

target-specific inhibitors of previously characterized transcription factors.

We have recently reported the use of high throughput screening to identify FOXM1-inibiting 

small-molecule compound, RCM-1 (1). RCM-1 efficiently and specifically inhibited the 

nuclear localization of FOXM1 protein, causing its ubiquitination and degradation by 

proteasomes (1). The current study was designed to examine the efficacy of RCM-1 in the 

inhibition of carcinogenesis in different tumor models.
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Materials and Methods

Cell lines and reagents

The cell lines, mouse melanoma B16-F10, human lung adenocarcinoma A549 and H2122, 

mouse mammary carcinoma 4T1 and mouse prostate cancer MyC-CaP, were obtained from 

American Type Culture Collection (ATCC, Manassas, VA). Rd76–9 rhabdomyosarcoma 

were the kind gift from Tim Cripe. KPC-2 cells were a kind gift from Matthew Flick. The 

compound RCM-1 (2-{[2-oxo-2-(thiophen-2-yl) ethyl]sulfanyl} −4,6-di(thiophen-2-

yl)pyridine-3-carbonitrile) was synthesized by Vitas-M Laboratory (95% purity). The 

structure of RCM-1 has been published already in our previous manuscript (1).

Mouse models

Mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). All animal 

studies were approved by Animal Care and Use Committee (IACUC) of Cincinnati 

Children’s Research Foundation. For rhabdomyosarcoma model, 1×106 Rd76–9 cells were 

injected intramuscularly in the flanks of C56Bl/6J mice. For melanoma model, 1×106 B16-

F10 cells were injected subcutaneously into C56Bl/6J mice. For lung adenocarcinoma 

model, 1×106 H2122 cells were injected subcutaneously into Nod-Scid-Gamma (NSG) 

mice. For mammary carcinoma model, 1×106 4T1 cells were inoculated into the fat pad of 

Balb/C mice. The tumor bearing mice were randomly divided into two groups (n=5–8) and 

treated with equal volumes of vehicle (DMSO) or RCM1. RCM1 was dissolved in DMSO 

and delivered intraperitoneally (IP) in a small volume of 40 μl at a dose of 20 mg/kg of body 

weight (mg/kg b.w.). 20 mg is equal to 47.1 μM of the compound. The tumor volume was 

measured using a digital caliper. Serum samples were collected from DMSO- or RCM-1- 

treated animals for liver enzyme profiling.

Growth curve analysis

Tumor cells (2×104 cells per well) were seeded in triplicates in 6-well plates and treated 

with 20 μM RCM-1 or equal volumes of DMSO. Automated cell counter (Countess II FL, 

ThermoFisher Scientific) was used to count the total number of viable cells at 24, 48 and 72 

h. Trypan blue was used to exclude dead cells. Experiments were performed in triplicates.

EdU, BrdU incorporation assays

Vehicle control and RCM-1 treated tumor cells were incubated with EdU or BrdU, and 

immunofluorescence staining for EdU, BrdU, PH3 and Ki67 was performed as previously 

described (31,32).

Phase-contrast live cell imaging

DMSO or RCM-1 treated Rd76–9, B16-F10 and MyC-CaP cells were imaged using Leica 

DMI 6000b inverted microscope (Leica). Four fields per well were photographed every 5 

min for 2–3 days as previously described (31). Mitotic duration was measured as the average 

time between nuclear envelope breakdown and anaphase onset. Cell cycle duration was 

measured as the average time interval between consecutive mitoses (n=100 cells) (31).
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Immunohistochemistry, immunofluorescence and confocal imaging

Lung tissue sections were stained using anti-FOXM-1, anti-Ki-67, anti-PH3 (Santa Cruz) 

and anti-Cleaved Caspase-3 (Abcam) antibodies, as described previously (33). Tumor cells 

growing on coverslips were treated with 20 μM of RCM-1 for 24 h, fixed and stained with 

antibodies against FOXM1, FOXA1, β-catenin, Ki-67 and α-tubulin (Santa Cruz) as 

previously described (32).

Colony formation assay

Colony formation assay was performed as previously described (13). 2×103 tumor cells per 

well were seeded in 6-well plates and treated with 1, 5, 10 and 20 μM of RCM-1. The 

colonies were fixed at day 7, stained with crystal violet and the numbers of colonies 

containing ≥50 cells were counted. To study the effect of RCM-1 on colony formation, the 

tumor cells were treated with RCM-1 for three days (Day 3). RCM-1 was removed and 

growth of colonies was assessed after another three days (Day 6). To study the effect of 

RCM-1 on the growth of pre-existing colonies, RCM-1 treatment was started at Day 3 of 

culturing tumor cells. The growth of colonies was assessed three days later (Day 6).

Wound healing assay

The in vitro wound healing assay was performed as described previously (34). Briefly, 

2×105 cells were seeded in 6-well plates and grown to a confluency of 80–90%. A wound 

was created in the middle of the well and cells were treated with RCM-1 (5 and 10 μM) for 

12 to 18 h. Carl Zeiss inverted microscope and ImageJ 1.46r software were used to analyze 

wound closure.

siRNA-mediated knockdown of FOXM1

The siRNA transfection experiments were performed as described previously (35). Cells 

were transfected with siRNAs for human or mouse FOXM1 genes (Sigma-Aldrich) using 

Lipofectamine™ 2000 reagent (Invitrogen). Scrambled siRNA was used as a negative 

control.

Real time PCR

RNA Stat-60 RNA Extraction Reagent (Amsbio) was used to isolate total RNA from tumor 

cells. Taqman gene expression assays for FOXM1, β-catenin, Cyclin D1, and β-actin were 

purchased from Applied Biosystems. qRT-PCR was performed using the StepOnePlus Real-

Time PCR system (Applied Biosystems) as previously described (36).

Western blot and co-immunoprecipitation (co-IP) analysis

Protein extracts were prepared from tumor cells using RIPA buffer as described (37). 

Cytoplasmic and nuclear extracts were prepared using NE-PER™ Nuclear and Cytoplasmic 

Extraction Reagents (ThermoFisher Scientific). Western blot analysis was done as 

previously described (33). The following antibodies were used: FOXM1, β-catenin, Cyclin 

D1, Histone H3 (Santa Cruz) and β-actin (Millipore). For co-IP, 3T3 fibroblasts were treated 

with DMSO or RCM-1 for 48 h. Protein extracts were isolated either from cells incubated 

for an hour with 1 μM Dithiobis-succinimidyl propionate (DSP) to cross link protein-protein 
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complexes or from DSP-untreated cells (no cross linking). IP reactions were performed 

using Universal Magnetic CoIP kit (Active Motif). For cell-free coIP reactions, whole cell 

lysate of RD76–9 cells was prepared and incubated with 40 μM RCM-1 and FOXM1 

antibody overnight. The protein extracts from cells without RCM-1 treatment and IgG 

controls were used as positive and negative control respectively. Immunoprecipitation 

reactions were performed using Universal Magnetic Co-IP Kit (Active Motif). Rd76–9 

whole cell lysate was used as input control for both groups.

UPLC-MS/MS analysis for serum RCM-1 concentration

Serum concentration of RCM-1 was measured after protein precipitation. RCM-1 were 

quantified by using UPLC coupled with electrospray tandem mass spectrometry (ESI-

MS/MS) on an Acquity Quattro Premier (Waters Corp) with multiple reaction ion 

monitoring (MRM) in positive ion mode. RCM-1 was retained and eluted from a reversed-

phase Supelco® LC18-DB column (Sigma-Aldrich). Chromatography was performed with a 

gradient mobile phase of solvent A/solvent B at a flow rate 200 μL/min at 25°C. RCM-1 was 

detected and quantified by monitoring the positive ion MRM transition m/z 425→313 

generated by fragmentation, and the structural analog internal standard was detected from 

the corresponding positive ion MRM transition m/z 447→147. The concentrations of 

RCM-1 were determined from the peak area ratio of each ion relative to the internal standard 

and by interpolation of this area ratio against calibration curves plotted for known 

concentrations of standard.

Statistical analysis

Student’s t test, Fisher’s exact test and one-way analysis of variance (ANOVA) were used to 

determine statistical significance. P values <0.05 were considered significant. Values were 

shown as mean±SD or mean±SE. For the mitotic and cell cycle duration experiment, p-

values were obtained using GraphPad Prism version 6 (GraphPad, San Diego, CA, USA). 

Data were tested for parametric vs. non-parametric distribution using D’Agostino-Pearson 

omnibus normality test. As data followed a non-parametric distribution, Mann-Whitney test 

was applied.

Results

RCM-1 inhibits cancer cell proliferation by increasing the mitotic and cell cycle duration in 
vitro

To assess the effect of RCM-1 on the proliferation of cancer cells in vitro, we performed 

growth curve analyses. RCM-1 significantly inhibited the growth of several tumor cell lines, 

including mouse rhabdomyosarcoma Rd76–9, melanoma B16-F10, human lung 

adenocarcinoma H2122, breast carcinoma 4T1, prostate adenocarcinoma MyC-CaP and 

pancreatic adenocarcinoma KPC-2 cells (Fig. 1A). The number of dead cells was not 

changed (Supplemental Fig. S1A). Since the inhibition of cell growth in RCM-1-treated cell 

cultures can be due to delayed progression of cell cycle, we performed 3-day phase-contrast 

live-cell imaging to follow individual cell behavior in Rd76–9, B16-F10 and MyC-CaP cell 

cultures treated with RCM-1 or vehicle (Supplemental Movies 1–6). When measuring cell 

cycle duration, the interval between anaphase onset of one mother cell and the anaphase 
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onset of each daughter cell (n=100), we found a delay in Rd76–9 and MyC-Cap cell cultures 

treated with RCM-1 versus untreated controls (Fig. 1B; Supplemental Movies 1–6). We also 

measured mitotic duration as the interval between nuclear envelope breakdown and anaphase 

onset. RCM-1 significantly delayed the completion of mitotic division in Rd76–9, B16-F10 

and MyC-CaP cell lines (Fig. 1C, Supplemental Fig. S1B and Supplemental movies 1–6). 

Consistent with these results, RCM-1 decreased the number of tumor cells undergoing 

mitosis as determined by immunostaining for phospho-histone H3 (Supplemental Fig. S2A–

B). Next, we performed the EdU incorporation assay to determine the number of cells 

undergoing S phase during EdU labeling period. EdU incorporation was decreased in Rd76–

9, B16-F10 and MyC-Cap cells after RCM-1 treatment (Fig. 1D). Immunostaining for Ki-67 

and BrdU were also reduced in RCM-1-treated cells (Supplemental Fig. S2A). Altogether, 

RCM-1 inhibits tumor cell proliferation in vitro by decreasing DNA replication and mitosis.

RCM-1 inhibits FOXM1 in tumor cells

Published studies demonstrated that treatment with RCM-1 compound decreased FOXM1 

protein in airway epithelial cells in vitro and in vivo (1). To determine whether RCM-1 

inhibits FOXM1 in tumor cells, we examined FOXM1 abundance and nuclear localization 

by immunostaining. FOXM1 staining was detected in the nuclei of Rd76–9, B16-F10, MyC-

CaP, KPC-2, A549 and 4T1 tumor cells (Supplemental Fig. S3A–D and S4A–B). Treatment 

with RCM-1 decreased the nuclear staining of FOXM1 in these tumor cells (Supplemental 

Fig. S3A–D and S4A–B), which is consistent with the published studies (1). Nuclear 

expression of FOXA1, a related transcription factor from FOX family, was not altered after 

RCM-1 treatment (Supplemental Fig. S3A–D and S4A–B).

RCM-1 decreases tumorigenicity and migration of tumor cells in vitro

The ability of tumor cells to form colonies is a measure of tumorigenicity in vitro. Effect of 

RCM-1 on the in vitro colony forming potential of different tumor cells was determined 

using anchorage-dependent colony formation assay. Dose-dependent inhibition of colony 

formation was observed in Rd76–9, B16-F10, H2122, 4T1 and KPC-2 tumor cells; as low as 

5 μM RCM-1 effectively inhibited colony formation (Fig. 2A). RCM-1 also inhibited the 

colony formation in A549 and LLC lung adenocarcinoma cells (Supplemental Fig. S5A). 

Next, we used scratch assay to examine the effects of RCM-1 on tumor cell migration. 

RCM-1 significantly inhibited the migration of H2122, 4T1, KPC-2 and A549 cells (Fig. 2B 

and Supplemental Fig. S5B). Altogether, these data demonstrate that RCM-1 inhibits the 

ability of tumor cells to form colonies and migrate in vitro.

RCM-1 inhibits colony-formation and reduces the growth of pre-existing tumor cell 
colonies in vitro

Tumor relapse in patients following the completion of anti-cancer treatment remains an 

important concern for oncologists (38). We assessed the effect of removal of RCM-1 

treatment after a short exposure by colony formation assay. Even short exposure to RCM-1 

was sufficient to decrease frequency and sizes of the cell colonies formed in Rd76–9, B16-

F10, 4T1, MyC-CaP, KPC-2 and A549 tumor cell lines (Fig. 3A). Thus, RCM-1-treated cells 

cannot regain the ability to grow and form cell colonies even after the removal of RCM-1. 

We also analyzed the effect of RCM-1 on pre-existing cancer colonies. We found that 
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RCM-1 inhibits further growth of pre-existing colonies in vitro. The number of cell colonies 

in the RCM-1-treated cultures were significantly reduced compared to vehicle-treated cell 

cultures (Fig. 3B–C). Thus, RCM-1 effectively suppressed the colony formation and reduced 

the growth of pre-existing cell colonies in vitro.

RCM-1 inhibits β-catenin in tumor cells

Similar to FOXM1, β-catenin is an important transcriptional regulator of carcinogenesis 

which promotes cancer growth & metastasis and maintains stem cell characteristics (39,40). 

Persistent activation of Wnt/β-catenin signaling has been implicated in a variety of human 

cancers (40). Since FOXM1 directly binds to β-catenin to promote glioma growth and 

metastasis (18), we examined the effect of RCM-1 on FOXM1-β-catenin protein-protein 

interactions. Consistent with published studies (18), FOXM1-β-catenin protein-protein 

interactions were detected by co-immunoprecipitation (CoIP) using total cell lysates (Fig. 

4A). Treatment with RCM-1 decreased FOXM1 protein binding to β-catenin (Fig. 4A). 

Furthermore, RCM-1 decreased the protein abundance of β-catenin and FOXM1 in both 

nuclear and cytoplasmic fractions (Fig. 4B–C and Supplemental Fig. S6A). The FoxM1 and 

β-catenin mRNAs were not affected by RCM-1 treatment, indicating that RCM-1 does not 

inhibit these genes at transcriptional level (Supplemental Fig. S6B). These findings are 

consistent with previous studies highlighting the importance of FOXM1-β-catenin 

interactions for β-catenin protein stability (18). Consistent with decreased β-catenin protein 

levels, its downstream target Cyclin D1 was reduced in RCM-1-treated cells (Fig. 4B–C and 

Supplemental Fig. S6A). RCM-1 was more efficient in inhibiting FOXM1 and β-catenin 

compared to FoxM1 siRNA (Fig. 4B–C and Supplemental Fig. S6A). Consistent with CoIP 

and Western blots, RCM-1 inhibited nuclear localization of β-catenin in the tested cell lines 

(Supplemental Fig. S6C and S7A–D). Importantly, FOXM1-β-catenin protein complex was 

directly affected by RCM-1, since addition of RCM-1 to the protein lysate from the control 

tumor cells decreased FOXM1-β-catenin protein-protein interactions (Fig. 4D). Thus, 

RCM-1 decreased protein abundance of FOXM1 and β-catenin and disrupted FOXM1-β-

catenin protein-protein interactions in cell nuclei.

RCM-1 inhibits tumor growth in animal models

Since RCM-1 decreased the ability of tumor cells to form colonies in vitro (Fig. 2A and 3A–

B), we examined the efficacy of RCM-1 in the mouse tumor models in vivo. 

Rhabdomyosarcoma Rd76–9 cells were injected into the muscle of syngeneic mice, and 

seven days later, RCM-1 was given to tumor-bearing mice (Fig. 5A). RCM-1 reduced the 

Rd76–9 tumor size compared to the vehicle-treated control group (Fig. 5B). The volumes of 

RCM-1-treated rhabdomyosarcoma tumors were significantly decreased (Fig. 5C). FOXM1 

staining in cell nuclei was decreased and the number of FOXM1-positive tumor cells was 

also reduced considerably in RCM-1-treated tumors, consistent with efficient inhibition of 

FOXM1 by RCM-1 (Fig. 5D). To determine whether reduced tumor sizes in RCM-1-treated 

mice were due to decreased tumor cell proliferation, immunostaining for Ki-67 and PH3 was 

performed. The number of Ki-67- and PH3- positive cells were decreased in RCM-1 treated 

tumors compared to vehicle-treated tumors (Fig. 5D). Furthermore, the number of tumor 

cells positive for cleaved caspase-3 was significantly increased in RCM-1-treated tumors 

(Fig. 5D), indicating an increase in tumor cell apoptosis. Thus, RCM-1 decreased tumor 
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growth, reduced tumor cell proliferation and increased apoptosis in mice bearing Rd76–9 

rhabdomyosarcomas.

To demonstrate that the effect of RCM-1 is not limited to the rhabdomyosarcoma Rd76–9 

tumor model, we also used mouse melanoma B16-F10, human lung adenocarcinoma H2122 

and mouse breast carcinoma 4T1 tumor models. RCM-1 significantly inhibited tumor 

growth in H2122 lung adenocarcinoma and B16-F10 melanoma consistent with loss of 

FOXM1 and β-catenin in cell nuclei (Fig. 6A–C and Supplemental Fig. S8A–C, 

Supplemental Fig. S9A), coinciding with diminished tumor cell proliferation and increased 

apoptosis of tumor cells (Fig. 6A–C and Supplemental Fig. S8A–C). Treatment with RCM-1 

did not change the growth of orthotopic 4T1 breast tumors significantly (Supplemental Fig. 

S9B–D).

To measure the RCM-1 concentration in blood serum, the UPLC-MS/MS analysis was used 

(Supplemental Fig. S10A–B). RCM-1 was detected in blood serum of animals within 15 min 

after a single i.p. injection (Supplemental Fig. S10C–D, Supplemental Table-1). Serum 

concentrations of RCM-1 were maintained at the same levels for 2 h (Supplemental Fig. 

S10C–D, Supplemental Table-1). Multiple injections of RCM-1 did not affect body weights 

(Supplemental Fig. S11A) or concentrations of liver enzymes ALT and ALK (Supplemental 

Fig. S11B). Albumin, bilirubin, total protein, and Gamma-glutamyltransferase (GGT) were 

unchanged in blood serum of RCM-1-treated mice (Supplemental Fig. S11B), indicating that 

RCM-1 does not cause liver toxicity. Consistent with our in vitro findings, RCM-1 

effectively inhibited FOXM1 and β-catenin in tumor-bearing mice without visible toxicity 

even with prolonged treatment. Altogether, RCM-1 reduced FOXM1 and β-catenin, 

decreased tumor cell proliferation and growth in rhabdomyosarcoma, melanoma and lung 

adenocarcinoma tumors in vivo.

Discussion

Previous studies demonstrated that FOXM1 is critical for embryonic development and organ 

regeneration following tissue injury (4). While FOXM1 is decreased after tissue repair, 

aberrantly high levels of FOXM1 are common for many different types of cancers. 

Overexpression of FOXM1 increases the initiation, growth, and metastasis in different types 

of tumors in orthotopic and transgenic mouse models as well as human xenografts (5,11–

13,15,28). Diverse and extensive involvement of FOXM1 in the process of carcinogenesis of 

different tissue origins suggests that FOXM1 inhibition can be utilized for anticancer 

therapy. Our recent study identified the small molecule FOXM1 inhibitor RCM-1 in a high-

throughput screen (1). RCM-1 inhibited nuclear localization and increased ubiquitination of 

FOXM1 in cultured epithelial cells and in the mouse model of goblet cell metaplasia (1). In 

the present study, RCM-1 inhibited tumor growth, decreased tumor cell proliferation, and 

increased apoptosis in the mouse Rd76–9 rhabdomyosarcoma, B16-F10 melanoma and 

human H2122 lung cancer models. Our results suggest that RCM-1-modulated suppression 

of tumor growth is mediated by inhibition of FOXM1.

FOXM1 is known to function as a typical proliferation-specific transcription factor. It 

stimulates cellular proliferation by promoting entry into S-phase and M-phase of the cell 
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cycle and controls proper execution of mitotic cell division (41). RCM-1-mediated inhibition 

of FOXM1 expression was associated with the inhibition of cell cycle progression. Targeted 

inhibition of proteins involved in the regulation of the cell cycle has been linked to delays in 

the duration of mitosis in cancer cells (42). Similar to previous studies with siRNA 

inhibition of FOXM1 (43,44), RCM-1 increased the duration of mitotic division and overall 

length of the cell cycle and inhibited DNA replication in tumor cells. However, we cannot 

rule out the possibility that RCM-1 affects other molecular targets in addition to FOXM1.

The cancer stem cell (tumor initiating cell) hypothesis identifies in vitro clonogenesis as the 

indication of tumorigenic abilities (33). FOXM1 has been implicated in the maintenance of 

the cancer stem cell state (9), and FOXM1 silencing resulted in reduced tumorigenicity in 

glioblastoma (40). Consistent with these studies, RCM-1-mediated inhibition of FOXM1 led 

to suppression of clonogenicity of cancer cells in vitro. Furthermore, FOXM1 promoted 

cancer cell migration and invasion, and genetic deletion of FOXM1 inhibited invasion and 

metastasis of lung, liver, prostate, colon cancers in vivo (13), 17, (21) (16,45). Consistent 

with these studies, we observed inhibition of tumor cell migration in RCM-1 treated cells, 

which suggests the prospective anti-metastatic potential of this small molecule compound.

FOXM1 was implicated in tumor recurrence in human non-small cell lung and oral cancers 

(46,47). We found that cancer cells, when briefly exposed to RCM-1, have reduced cell 

growth and clonogenicity, indicating the potential of this molecule in delaying or preventing 

tumor relapse in cancer patients. In addition, the ability of RCM-1 to inhibit pre-existing 

tumor colonies suggests that the compound has therapeutic potential during cancer 

progression. Interestingly, interactions of FOXM1 with β-catenin, a critical regulator of the 

canonical Wnt signaling pathway, were reduced in RCM-1-treated tumor cells in vitro and in 
vivo. Wnt signaling through β-catenin was implicated in tumor relapses, metastasis and 

tumor cell proliferation (48). FOXM1 directly binds to β-catenin protein, stabilizing β-

catenin in cell nuclei and promoting glioma tumorigenesis (18). Our data suggest that 

RCM-1 directly disrupts FOXM1-β-catenin protein complex, decreasing β-catenin protein 

stability in tumor cells. Interestingly, FOXM1 was reported to induce β-catenin gene 

expression in cultured endothelial cells and lung injury models (49). Based on our findings, 

it is unlikely that RCM-1 inhibits β-catenin gene expression in neoplastic cells since β-
catenin mRNA was not affected by RCM-1 in all the tumor types. Therefore, diminished β-

catenin protein levels were not a consequence of decreased β-catenin gene expression in 

RCM-1-treated tumor cells. RCM-1 directly or indirectly disrupted the protein-protein 

interactions between FOXM1 and β-catenin. Since FOXM1/β-catenin interactions are 

critical for stability of both proteins, decreased amounts of FOXM1 and β-catenin in 

RCM-1-treated cells can be a consequence of disruption of FOXM1/β-catenin complexes. 

Altogether, RCM-1 disrupts FOXM1-β-catenin interactions, which can contribute to 

diminished tumorigenesis in RCM-1-treated mice.

In summary, the small molecule compound RCM-1 effectively inhibits FOXM1 and β-

catenin in vitro and in vivo, delaying tumor cell proliferation, increasing apoptosis, and 

reducing tumor growth. Anticancer effects of RCM-1 are not limited to one tumor type, 

suggesting a potential for broad use of this small molecule FOXM1 inhibitor in anticancer 

therapy.
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Figure 1. RCM-1 inhibits cancer cell proliferation and increases the mitotic and cell cycle 
duration in vitro.
(A) RCM-1 inhibits tumor cell growth. Growth curves for RCM-1 treated Rd76–9 

rhabdomyosarcoma, B16-F10 melanoma, H2122 lung adenocarcinoma, 4T1 mammary 

carcinoma, MyC-CaP prostate carcinoma and KPC-2 pancreatic carcinoma cells were 

determined in culture by counting alive cells. Cells treated with vehicle (DMSO) were used 

as controls. Graphs show fold change in the number of cells compared to 0 h time point and 

represent data from three independent experiments. (B) RCM-1 inhibits cell cycle duration. 
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Live images of tumor cells were acquired an epifluorescence microscope every 5 min for 3 

days. Cell cycle duration was measured as the interval between anaphase onset of the mother 

cell and its daughter cells. Graphs represent average cell cycle duration of DMSO- and 

RCM-1-treated cells (n=100). Values are shown as mean±SD from three independent 

experiments. (C) RCM-1 inhibits mitotic duration. Live images of tumor cells were acquired 

every 5 min for 3 days. Mitotic duration was measured as the interval between nuclear 

envelope breakdown and anaphase onset. Graphs represent average mitotic duration of 

DMSO- and RCM-1-treated cells (n=100). (D) RCM-1 inhibits DNA replication. Rd76–9, 

B16-F10 and MyC-CaP tumor cells were incubated with EdU. Left panels show 

representative images of EdU incorporation in DMSO- and RCM-1-treated MyC-CaP cells 

after 24 h (EdU staining, magenta; DNA staining, grey). Right panels show the percentage 

of EdU-positive cells after DMSO- and RCM-1 treatment (n>500). ns p>0.05, *p < 0.05, 

**p < 0.01 and ***p < 0.001 and ****p≤0.0001.
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Figure 2. RCM-1 decreases tumorigenicity and migration of tumor cells in vitro.
(A) Continuous treatment with RCM-1 decreases the number of colonies formed in cultured 

tumor cells. Rd76–9, B16-F10, H2122, 4T1 and KPC-2 tumor cells were treated with either 

DMSO or different concentrations of RCM-1 for 7 seven days. Graphs represent average 

number of colonies (mean±SE) that were obtained from three independent experiments. (B) 
RCM-1 inhibits migration of tumor cells in vitro. Data is presented as percent migration in 

RCM-1-treated groups compared to DMSO-treated control (mean±SE). *p < 0.05, **p < 

0.01 and ***p < 0.001.
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Figure 3. RCM-1 inhibits initial colony-formation and reduces the growth of pre-existing tumor 
cell colonies in vitro.
(A) Treatment of tumor cells with RCM-1 for 3 days followed by RCM-1 removal prevented 

further growth of tumor cell colonies. Upper panels show representative images of colonies 

at the day of RCM-1 removal (Day 3). Lower panels show crystal violet stained colonies 

three days after RCM-1 removal (Day 6). DMSO was used as a vehicle control. Images are 

representative of three independent experiments. (B) RCM-1 inhibited growth of pre-

existing tumor colonies. Upper panels show individual colonies before RCM-1 treatment 
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(Day 3). Lower panels show crystal violet stained colonies of tumor cells after three days of 

treatment either with DMSO or RCM-1 (Day 6). Images are representative of three 

independent experiments. (C) Quantification of RCM-1 effect on the pre-existing tumor 

colonies. Graphs represent average number of tumor cell colonies per well after three days 

of RCM-1 treatment (Day 6) compared to DMSO-treated control (mean±SE). *p < 0.05, **p 

< 0.01 and ***p < 0.001.
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Figure 4. RCM-1 inhibits FOXM1/ β-catenin protein-protein interaction.
(A) RCM-1 decreased FOXM1 protein binding to β-catenin protein in control (WT) and 

FOXM1 overexpressing (OE) 3T3 fibroblasts. Protein lysates were prepared without cross-

linking (– cross linker, left panel) or with cross-linking peptide DSP (+cross linker) to 

stabilize protein-protein complexes. β-actin was used as loading control. Blots are 

representative of two independent experiments. (B) RCM-1 decreased protein levels of 

FOXM1, β-catenin and Cyclin D1 in B16-F10 melanoma cells (left panels). Cytoplasmic 

(middle panels) and nuclear (right panels) protein extracts of RCM-1-treated tumor cells 
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were compared to siFOXM1-depleted cells. DMSO-treated (Con) or shScrambled (shScr) 

cells were used as controls. β-actin, α/β-tubulin, and Histone H3 were used as loading 

controls for whole cell lysates, cytoplasmic-, and nuclear extracts, respectively. Blots are 

representative of three independent experiments. (C) RCM-1 decreased protein levels of 

FOXM1, β-catenin and Cyclin D1 in Rd76–9 rhabdomyosarcoma cells (left panels). 

Cytoplasmic (middle panels) and nuclear (right panels) protein extracts of RCM-1-treated 

cells were compared to siFOXM1-transfected cells. DMSO-treated (Con) or shScrambled 

(shScr) cells were used as controls. β-actin, α/β-tubulin, and Histone H3 were used as 

loading controls for whole cell lysates, cytoplasmic-, and nuclear extracts, respectively. 

Blots are representative of three independent experiments. (D) RCM-1 decreases FOXM1 

binding to β-catenin protein. Total protein lysate of Rd76–9 tumor cells were incubated with 

RCM-1 overnight and used for immunoprecipitation with either FOXM1 or IgG antibodies. 

β-actin was used as loading control. Blots are representative of two independent 

experiments. Graphs represent relative band intensities (mean±SE). *p < 0.05, **p < 0.01 

and ***p < 0.001 compared to DMSO-treated control.
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Figure 5. RCM-1 treatment reduces growth of orthotopic Rd76–9 rhabdomyosarcoma in mice.
(A) Schematic diagram of experimental protocol. (B-C) RCM-1 treatment decreased Rd76–

9 tumor growth in mice. DMSO-treated animals were used as control. Data presented as 

average tumor volume (mean±SD). (D) RCM-1 decreased tumor cell proliferation and 

increased apoptosis in Rd76–9 tumors. RCM-1-treated tumors showed reduced FOXM1, 

Ki67 and PH3 staining. Apoptotic cleaved caspase-3 staining was increased in the RCM-1-

treated tumors. Graphs in right panels show average numbers of FOXM1-, Ki67-, PH3- and 

Cleaved caspase-3- positive cells (mean±SD). Staining-positive cells were counted in 6 
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random microscopic fields. Magnification: x200. *p < 0.05, **p < 0.01 and ***p < 0.001 

compared to DMSO-treated control.
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Figure 6. RCM-1 treatment reduces growth of human H2122 lung adenocarcinomas in mice.
(A) Schematic representation of experimental protocol. (B) RCM-1 decreases H2122 tumor 

growth in vivo. Graph shows average tumor volume (mean±SD). DMSO-treated animals 

were used as control. (C) RCM-1 decreases tumor cell proliferation, shown with Ki67 and 

PH3 staining and increases apoptosis, shown with cleaved caspase staining. Right panels 

show average numbers of FOXM1-, Ki67-, PH3- and Cleaved caspase-3-positive cells. 
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Positive cells were counted in 6 random microscopic fields (mean±SD). Magnification: 

x200. *p < 0.05, **p < 0.01 and ***p < 0.001 compared to DMSO-treated control.
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